Abstract On 27 August 2016, the NASA Juno spacecraft performed its first close-up observations of Jupiter during its perijove. Here we present the UV images and color ratio maps from the Juno-UVS UV imaging spectrograph acquired at that time. Data were acquired during four sequences (three in the north, one in the south) from 5:00 UT to 13:00 UT. From these observations, we produced complete maps of the Jovian aurorae, including the nightside. The sequence shows the development of intense outer emission outside the main oval, first in a localized region (255 ∘ -295 ∘ System III longitude) and then all around the pole, followed by a large nightside protrusion of auroral emissions from the main emission into the polar region. Some localized features show signs of differential drift with energy, typical of plasma injections in the middle magnetosphere. Finally, the color-ratio map in the north shows a well-defined area in the polar region possibly linked to the polar cap.
Introduction
The UV aurorae of Jupiter are made of multiple components arising from different processes within the magnetosphere [Grodent, 2015] . The satellite footprints arise from the interaction between either Io, Europa, or Ganymede and the magnetospheric plasma rotating around the planet (see review in and Connerney et al. [1993] ). In the same region as the footprints are diffuse emissions related to the pitch angle diffusion boundary between dipolar and stretched field lines , as well as more compact structures associated with injections of hot and low-density plasma from the middle magnetosphere (10-40 Jovian radii (R J )) into the inner magnetosphere (<10 R J ) [Mauk et al., 2002; Dumont et al., 2014; Gray et al., 2016] . All together these features form the outer emissions, since they are located outside the most remarkable feature of the Jovian aurorae, called the main emission (or main oval). The main emission is associated with the upward branch of the corotation enforcement currents in the middle magnetosphere [Hill, 2001; Cowley and Bunce, 2001] . It is made of quasi-continuous curtains of emission with a dimmer portion in the prenoon sector, called the discontinuity [Grodent et al., 2003a; Radioti et al., 2008a] . The dusk sector of the main emission is occasionally very disturbed and pushed poleward, most likely in response to the arrival of a solar wind disturbance [Nichols et al., 2007] . The shape of the main emission is essentially fixed in System III (S III ), the longitude system related to the magnetic field of Jupiter. Expansions of the main emission over weeks as well as increased occurrence rates of intense outer emissions have been tentatively associated with either magnetosphere expansion or internally driven increased outward transport that could be related or not to enhanced volcanism at Io Badman et al., 2016] . Inside the main emission are the polar emissions, which can themselves be subdivided into three main regions: (1) the dark region, on the dawn flank, which is essentially devoid of emission; (2) the active region, on the duskside, which is a complex mixture of arcs, patches, and diffuse emissions; and finally, (3) the swirl region, peppered with chaotic patches of auroral emission [Grodent et al., 2003b] . Transient (a few tens of minutes) spots and short arcs are regularly seen inside the dawn and midnight flanks of the main emission. Called either midnight or polar dawn spots, these features have been associated with signatures of recent reconnection related to the Vasyliunas cycle [Grodent et al., 2003b; Radioti et al., 2008b] . Narrow, long-lived (> 1 h) and quasi-Sun-aligned polar auroral filaments (PAFs) are also often seen across the swirl region [Nichols et al., 2009] . Finally, short-lived (∼1 min) but intense features, called flares, are often observed in the active region [Waite et al., 2001] . In half of the cases, such flares produce a quasiperiodic behavior in timescales of 2-3 min . This brief description is predominantly based on observations from the Earth-orbiting Hubble Space Telescope (HST). Unfortunately, the HST observing geometry is restricted to the Jovian longitudes facing the Sun and only offers limited views of the aurorae seen from the side. Even worse, the inclination of the magnetic dipole compared to the rotation axis induces a selection bias in addition to the local time bias, since most HST observations favored geometries where the magnetic pole of interest is tilted toward the observer. For the first time, Juno's unique vantage point from polar orbit provides us with the opportunity to view the Jovian aurorae entirely, from dusk to dawn and from noon to midnight. Here we describe the findings from the UV imaging spectrograph observations acquired on 27 August 2016, during the first perijove (PJ1) after Juno's orbit insertion.
Juno-UVS Auroral Observations
Juno is a spin-stabilized spacecraft orbiting Jupiter on an elongated 53.5 day polar orbit. On 27 August 2016, during its first perijove (PJ1) since orbit insertion, its spin and orbital planes were both nearly perpendicular to the Earth direction. Seen from the Earth, Juno travels clockwise around the planet while it spins counterclockwise twice per minute. The Juno-UVS (ultraviolet spectrograph) instrument is a UV photon-counting imaging spectrograph operating in the 68 to 210 nm range Greathouse et al., 2013; Davis et al., 2011] . It is equipped with a scan mirror that allows it to look up to ±30 ∘ perpendicular to the Juno spin plane. The slit's long axis is parallel to the spin axis. The "dog bone"-shaped slit is made of three segments with fields of view of 0.2 ∘ × 2.55 ∘ , 0.025 ∘ × 2.0 ∘ , and 0.2 ∘ × 2.55 ∘ projected onto the sky. The data from the instrument consist of a list of photon detection events with X position of the count on the detector corresponding to the spectral dimension and the Y position to the spatial dimension along the slit. Images can then be reconstructed by taking advantage of the motion of the field of view across the planet. The outcome is a stripe that covers an increasingly smaller part of the aurorae as Juno approaches Jupiter. The commanded position of the scan mirror allows the targeting of different regions of the aurorae. These successive stripes acquired every ∼30 s can then be projected on polar maps and even coadded to get a complete picture of the aurorae at high spatial resolution. In the figures presented below, the projection altitude has been set to 400 km above the 1 bar level . The conversion from counts to kilo-Rayleighs depends on the effective area determined during the cruise period to Jupiter. The temporal variability of the effective area may induce an uncertainty of a factor of 2, and a calibration effort is still ongoing at this early stage of the mission. The brightness provided in this paper corresponds to the total brightness emitted by H 2 in the whole EUV+FUV range. It corresponds to the measured brightness in the 155-162 nm range multiplied 8.1 to scale it to the whole H 2 Lyman and Werner bands UV spectrum, based on a synthetic spectrum at 300 K without self-absorption (J. Gustin, personal communication, 2016) . Near perijove, Juno-UVS acquired auroral observations during three sequences in the northern hemisphere (from 4:51 to 5:10 UT, from 09:51 to 11:02 UT, and from 11:51 to 12:02 UT spacecraft time) and one in the southern hemisphere (from 13:51 to 15:04 UT). Interruptions sometimes occurred during the data acquisition, either due to buffer saturation when particularly intense features came in sight or to high radiation levels, which might eventually lead the instrument to drop its voltage when the total detected counts is above the safety threshold. These interruptions create gaps in the swaths.
Juno-UVS Auroral Observations During PJ1

Morphology of the Aurorae
The unique vantage point of Juno, right above the poles, provides the first complete views of Jupiter's aurorae, including the nightside emissions. In the following description, letters refer to features in Figure 1 , which provides a general view of the aurorae in the two hemispheres and the colored arrows to Figure 2 , which shows the evolution of the morphology through time. In both figures, the red and green lines represent the footpaths of the Juno spacecraft obtained by projecting the position of Juno on Jupiter's surface along the magnetic field lines according to the VIP4 [Connerney et al., 1998 ] and the VIPAL [Hess et al., 2011 ] models, respectively. There are noticeable differences, and thus, those footpaths should be considered with care. Maps of both [Hess et al., 2011] and VIP4 [Connerney et al., 1998 ] models, respectively. The line is slightly thicker when observations took place and the white stars highlight the footprint of Juno for the stripes used to build these particular maps. The two dash-dotted contours are the statistical fit of the Io footprint location and the Europa footpath according to the VIPAL model, while the two inner ones are the statistical location of the main emission observed by HST in 2007 for the compressed and expanded cases, respectively . The expected Io, Europa, and Ganymede footprint location at the beginning and at the end of the exposure are shown with diamonds. The sub-Juno position at the beginning and at the end of the exposure are shown with crosses. The description of the features highlighted by the letters is given in the text. (e) Ionospheric mapping contours in the north using the magnetic field mapping model of Vogt et al. [2015] for different internal magnetic field models: VIP4 (red), GAM [Grodent et al., 2008] northern and southern aurorae are oriented similarly, with 0 ∘ S III at the top and 90 ∘ to the right, in order to facilitate interhemispheric comparisons. The view of the southern hemisphere corresponds to a view through the planet and is thus flipped east/west compared to what an observer above the pole would see. It should also be noted that the two views in Figure 1 are not simultaneous since ∼3 h separate them. The northern map coadds data from 10:46 to 11:01 and the Sun's S III longitude ranges from 109 ∘ to 118 ∘ . In the south, the map is a coaddition of data from 14:01 to 14:28 and the Sun's S III longitude ranges from 228 ∘ to 243 ∘ . Figures 1c  and 1d show maps of the color ratio between 155 and 162 nm wavelength range and 123 and 130 nm wavelength range [Yung et al., 1982] . The color ratio method relies on the shape of the absorption cross section of CH 4 in the UV, which rapidly drops for wavelength larger than 140 nm. The amount of absorption depends on the altitude of the auroral emission relative to the hydrocarbon homopause. As a consequence, such measurements directly relate to the energy of the precipitating particles, since the more energetic the particles, the deeper they penetrate and the stronger is the resulting CH 4 absorption. Unfortunately, the vertical distribution of CH 4 in the polar regions of Jupiter is poorly constrained by observations and the conversion from color ratio to electron energy is thus strongly model dependent. While most models agree that monoenergetic 100 keV electrons lead to a color ratio around 2 for a zenith angle of 60 ∘ , estimates for 500 keV electrons vary from 9 to 18 . Furthermore, the conversion depends on the assumed energy distribution of the precipitating electrons (monoenergetic, Maxwellian, kappa, etc.) which should probably not be the same for the different components of the aurorae [Gustin et al., 2016] . As a consequence, such a conversion requires some extensive discussions that we leave for future works.
Several aspects of the aurorae are remarkable on the images in Figure 1 . First of all, both hemispheres show very intense outer emissions outside the main auroral oval. In the north, large stretches of emissions can be seen between 200 ∘ and 140 ∘ S III , covering the entire nightside and duskside. The outer emissions are more evenly spread all around the pole in the south. Despite the time delay, magnetically conjugate counterparts of the most intense patches (A and B) in the north are still noticeable (D and E). Moreover, a bright patch of emission is present in the south at 140 ∘ S III , without any counterpart in the north (C). In accordance with previous observations by Dumont et al. [2014] , the outer emissions are most intense around the Europa footpath. If we consider the evolution of these emissions through time, the initial images acquired at large distance around 5:00 UT (Figure 2a ) only show a limited patch of outer emissions (green arrow). Around 10:00 (Figure 2b ), the outer emissions are considerably expanded in longitude (cf. red arrow) and brightened. This expansion in longitude continued, as a new bright patch appeared around local noon before 11:00 (purple arrow in Figure 2c ).
The Io footprint can easily be identified on the images, including its major spots and its tail (Figure 1, F and G) . On these polar projections, the apparent latitudinal brightness distribution of the spots and tail results from the combination of the viewing geometry and of the vertical extent of these emissions Bonfond, 2010] . The Europa footprint is located right within patches of outer emissions and cannot be isolated from it. Only one spot of the Ganymede footprint can be identified in the north (S), whereas the outer emissions in the south make the identification of the Ganymede footprint impossible. As for the Europa footprint, it is likely that the properties of the plasma related to the outer emissions are not favorable to bright footprints, because higher plasma densities at high latitude decrease the efficiency of the electron acceleration process [Hess et al., 2013; Bonfond et al., 2017] .
As it is often the case when outer emissions are intense, the main emission (also called the main oval) is weak, irregular, and broken into patches [e.g., Nichols et al., 2009] . A discontinuity of the main emission on the magnetic prenoon sector is also noticeable in both hemispheres [Radioti et al., 2008a ] (H and I). During the low-altitude flyby over the aurora, the main emission curtain appears to be as narrow as 175 km (white arrow on Figure 2d ).
One of the most remarkable features observed by Juno-UVS during the first perijove observations is the large-scale protrusion into the polar region on the nightside flank of the main emission in the south (J). During the observations in the north, there was no counterpart of this feature in that hemisphere, neither fixed in local time nor fixed in System III. Actually, successive images of the same region show that it is strongly subcorotating. The cyan arrow in Figure 2f shows the new position of the protrusion while the orange one is fixed in a corotating frame. In HST images, the nightside is mostly hidden behind the limb and the only features identified in this region are barely discernible at the limb [Grodent et al., 2003b; Radioti et al., 2011] . Such features have been associated with Vasyliunas cycle nightside reconnections. The location of this protrusion is compatible with the projection of flux tubes located inside the reconnection X line [Vogt et al., 2010] , whose projections are represented as bold black lines on Figure 1f . This protrusion may be an early stage of what would later evolve as polar dawn spots [Radioti et al., 2008b] ; a process somewhat reminiscent of poleward boundary intensifications and streamers at Earth [e.g., Nishimura et al., 2011] .
Within the polar region, the dichotomy between the hemispheres is striking. In the south, a bright arc parallel to the main oval is present on the noon-to-dusk sector (T), with no clear counterpart in the former images of the north. In the north, the active region (K) shows intermittent polar auroral filaments and flares. These flares cover a large part of the active region and appear to abruptly stop at the border of the swirl region, similar to a case described in Bonfond et al. [2016] (see Movie S1 in the supporting information). Within the swirl region (L), emissions are patchy and relatively faint, except for a noticeable localized intensification that started shortly after 10:00 and lasted for ∼10 min (yellow arrow in Figure 2b ). While the difference between the active and swirl regions blurs out in Figure 2c , the distinctive behaviors are still visible in the individual frames. On the other hand, apart from the protrusion and the arc described above, the entire polar regions appear nearly devoid of any emission in the south.
Color Ratio
A comparison between the brightness maps and the color ratio (CR) maps provides additional information. The Io footprint is a relatively bright feature (Figure 1, F and G) , but its color ratio is low (R and U). The front of Io's northern footprint, which would correspond to a transhemispheric electron beam spot, is more absorbed. It indicates that this spot is formed at lower altitude than the other spots and tail, in accordance with previous HST observations above the limb [Bonfond, 2010] . In the south, only the polarmost part of it, which actually corresponds to the bottom of the vertical profile in the atmosphere, shows some signature of methane abortion (R, CR ≃ 4), again in accordance with previous observations from HST [Gérard et al., 2002; Bonfond et al., 2009; Gérard et al., 2016] .
In the north, the large patch of outer emissions on the nightside is strongly absorbed (M), indicative of precipitation of high-energy particles. Its southern counterpart observed 3 h later is much less absorbed, but it is not clear whether this is due to temporal effects or to magnetic field asymmetries. Areas covered by more diffuse emissions, as the one noted (O) in the southern hemisphere, for example, appear to have a much lower color ratio. Interestingly, for some of the brightest features of the outer emissions, such as the one marked with a C, the color ratio peak does not correspond to the brightness peak but is found downstream relative to the rotation of the plasma around Jupiter. In Figure 1 , the arrows close to the letters C and N point to the exact same location, but the color ratio peak is ∼10 ∘ left of the brightness peak. The most likely interpretation for these patches are that they are signatures of plasma injections from the middle magnetosphere to the inner magnetosphere [Mauk et al., 2002; Dumont et al., 2014] . Once a flux tube filled with hot plasma is suddenly injected toward the planet, the particles of various energy experience a differential drift due to the gradients and curvatures of the magnetic field. Hence, in situ energetic electron measurements of plasma injections show enhancements of the lower-energy electron flux before enhancement of the higher-energy electron flux [Mauk et al., 2002] . The shift described here would be the auroral counterpart of this differential drift. Our observation would then be a compelling evidence that these features are indeed related to the radial transport of plasma within the magnetosphere.
The most striking addition of the color ratio map is the strongly absorbed mussel shell-shaped region corresponding to the swirl region. For example, the remarkable spot Q and the arc P have only faint counterpart in the brightness map, compared to the main emission. In the CR map, the arc P appears as a boundary between two regions. Indeed, the shape, location, and area of this region resemble those of the fixed Dark Polar Region in the H + 3 Doppler shift observations [Stallard et al., 2003] and the region open to the solar wind according to the flux equivalence model of Vogt et al. [2011 Vogt et al. [ , 2015 (see Figure 1e ). Should this region actually correspond to open field lines, then it remains to explain why it can be occasionally filled with auroral emission while equivalent regions are essentially devoid of emission both at Earth and at Saturn. Figure 3 shows the brightness profiles along the Juno magnetic footpath, which are expected to be connected with the energetic particle population measured in situ [Mauk et al., 2017] . Depending on the magnetic field model in use, i.e., either VIP4 [Connerney et al., 1998] or VIPAL [Hess et al., 2011] , the results are significantly different. These differences reflect the current uncertainty concerning the magnetic field of Jupiter. Hence, the profiles shown here should be considered with caution. Furthermore, as demonstrated in section 3.1, the aurorae change with time. The different maps of Figure 2 have been used for the different time intervals separated with the dashed red lines. However, even by using the closest map available, the precipitating plasma population at the time of the Juno-UVS observation may not be the same as when the spacecraft was crossing the field lines mapping to a given location.
Brightness Along the Juno Footpath
In the north, Juno entered the outer emission region between 03:00 and 04:00 and remained there until ∼09:00. Depending on the model, Juno either crossed the beginning of the dawn branch of the main emission (VIPAL) or remained in the dim discontinuity region (VIP4). It remained in the dark region until approximately 11:00. Juno's footprint then entered the swirl region around noon and crossed the main emission between 12:06 (VIP4) and 12:08 (VIPAL) and some outer emission shortly before (VIP4) or after (VIPAL) 12:12. It should be noted that the last and larger brightness peak is related with these outer emissions, not with the main emission crossing. Figure 2) used to extract the profile are indicated with the appropriate letter. (bottom) A zoom centered on the perijove time, the first half corresponding to the north and the end of the sequence to the south. The shaded areas correspond to regions where no data were acquired at the time of the map acquisition. The last brightness peak in the north corresponds to a brightness peak in the outer emission rather than the main emission.
In the south, Juno's footprint crossed the main emission around 13:30, right after getting across a rather intense area of outer emissions. Unfortunately, data gaps prevent us to know exactly what happened during this crossing. It may have encountered the short parallel arc (noted M in Figure 1 ) or it may have just missed it. The next couple of hours were spent in the featureless polar region, only to brush a small protrusion and cross the main oval again around 19:00. It then spent ∼2 h within the outer emission region, skimming the main oval before crossing it one last time around 21:30. It should however be noted that the last Juno-UVS observation took place shortly before 15:00 and that the evolution of the different UV auroral features after this time is unknown.
Discussion and Conclusions
Many features observed by Juno-UVS during this first set of high spatial resolution observations are consistent with previous observations, e.g., with the Hubble Space Telescope. However, the duration, spatial resolution, and spectral resolution of these observations open new insight into the Jovian aurorae.
Louarn et al. [2014] showed that there is a relationship between (1) large-scale energetic events likely associated with reconnection at the edge of the plasma sheet on the nightside and (2) new energetic electron injections within the middle magnetosphere. The auroral observations carried out by Juno-UVS during its first perijove around Jupiter appears to concur with this view and may even provide some precisions. These successive sets of images acquired over a jovian rotation show the formation and the subsequent spread of intense outer emissions. While the brightest outer emission features appear on the nightside in the north, the new features likely formed on the dayside and then corotate. The observed shifts between precipitating electrons of different energy, in accordance with the differential drift expected in plasma injections, indicated that at least parts of these outer emissions are caused by injected particles which are supposedly part of large-scale radial plasma transport. If the events reported above are correctly interpreted and if they are indeed causally related, they suggest that, during PJ1, large-scale injections preceded a large-scale tail reconnection. Eighty Jovian radii (R J ) typically separate the radial distance of injections (10 R J ) from the radial distance of the reconnection X line (90 R J ). The first injection signature was observed at dawn around 05:00, and the protrusion was first observed at midnight around 13:00. A connection between these two sites would thus involve radial propagation speeds around 200 km/s, which is close to the highest estimates of the radial transport speed at such distances in the Jovian magnetosphere (60-200 km/s) [Bagenal and Delamere, 2011] . A possible scenario could be that a parcel of cold plasma could suddenly migrate outward owing to large-scale interchange instability, rotate around Jupiter for three fourths of a full rotation and then be released in the magnetotail as a plasmoid after reconnection. This radial propagation speed is also quite similar to estimates of the Alfvén velocity between Europa (∼160 km/s [Kivelson et al., 2004] ) and the lobes of the magnetotail (∼350 km/s [Cowley et al., 2015] ). An alternative scenario could be that large-scale plasma injections in the middle magnetosphere generate significant disturbances in the field topology propagating outward around the Alfvén speed and then trigger reconnection in the tail. If plasma injections indeed precede Vasyliunas-type tail reconnection, then a similar chain of events may also explain the simultaneous observation of large outer emission blobs, which last for several hours [Dumont et al., 2014] , together with a bright polar dawn spot, which typically last for a few tens of minutes [Radioti et al., 2008a] , as reported by Gray et al. [2016] . More observations are however required to confirm this still speculative scenario. Among others, it remains to be verified if the large protrusion observed in the south is actually related to tail reconnection.
The differences observed in the northern and southern polar regions are puzzling. Future simultaneous observations of both poles from Juno and HST will clarify whether this is a temporal or a hemispheric effect. Differences between the brightness at different wavelengths is also striking in the northern polar region. In color ratio maps, a well-defined region clearly emerges and it resembles the size and shape of the open field line region expected from the flux mapping model of Vogt et al. [2015] .
